Increased pericellular proteolysis due to an imbalance between MMPs (matrix metalloproteinases) and TIMPs (tissue inhibitors of metalloproteinases) promotes early stages of tumorigenesis. We have reported that TIMP-1 downregulation confers tumorigenicity on immortal Swiss 3T3 fibroblasts. In pursuit of the mechanism involved in this transformation, we asked whether MMP inhibitors modulate contact inhibition and cell adhesion, since the dysregulation of these events is essential for cellular transformation. Using both genetic and biochemical means, we demonstrate that MMP inhibitors regulate fibroblast cell adhesion. TIMP-1 downregulated cells formed dense, multi-layered colonies, suggesting a loss of contact inhibition. Recombinant TIMP-1 and synthetic MMP inhibitors (MMPi) restored normal cell contact and density of these cells in a dose dependent manner. Consequently, the effect of MMPi on both cellextracellular matrix (ECM) and cell-cell adhesion were investigated. Upon MMPi treatment, p125 FAK was redistributed, together with vinculin, to points of cell-ECM contact. Further, phosphorylation of p125 FAK was restored to levels similar to that of wildtype. In parallel, MMPi treatment increased cadherin levels and stabilized cadherinmediated cell-cell contacts. Moreover, enhanced cadherin function was evident as increased calcium dependent cell-cell aggregation and co-localization of cadherin and β-catenin at the cell membrane. We also obtained independent evidence of altered cadherin function using timp-1 -/-mouse embryonic fibroblasts. Our data provide provocative evidence that increased pericellular proteolysis impacts cell adhesion systems to offset normal contact inhibition, with subsequent effects on cell transformation and tumorigenesis.
INTRODUCTION
Matrix metalloproteinases (MMPs) and their tissue inhibitors (TIMPs) constitute a key system of pericellular proteolysis within the cell microenvironment. Our understanding of the role of this proteolytic system in cancer has evolved over the past decade. Initially linked to tumor invasion and metastasis, an MMP/TIMP imbalance is now thought to function in promoting early events of tumor development (1) . The current emphasis is on identifying the mechanisms underlying these early effects. A better understanding of the relationship between MMP/TIMP activity and cellextracellular matrix (ECM) and cell-cell communication is fundamental to this effort.
We had reported that downregulation of TIMP-1 expression caused an immortal fibroblast cell line to become tumorigenic (2) . Extensive literature has since led to the knowledge that cancer involves a disrupted balance between MMPs and TIMPs. Both TIMPs and MMPs have been manipulated through genetic and biochemical approaches in tissue culture systems to demonstrate that, in general, TIMPs inhibit tumor cell invasion, angiogenesis, metastasis as well as tumor formation (3) (4) (5) (6) (7) (8) (9) , while MMPs promote these events (10) (11) (12) (13) . Transgenic and knockout animals have further supported the role of this proteolytic system in early tumorigenesis (14) (15) (16) (17) (18) (19) . In addition to the classical MMP substrates (the structural ECM proteins), soluble and cell surface proteins have been recognized as novel MMP substrates. These include growth factor binding proteins (20) , growth factor receptors (21) and cell adhesion proteins (22) .
These molecules are involved in cell signaling and thus expand the possible roles of pericellular proteolysis in early events of tumorigenesis.
Non-transformed cells exhibit reduced proliferation at high density, and this phenomenon has been termed contact inhibition (23, 24) . Loss of contact inhibition is by guest on January 21, 2018 http://www.jbc.org/ Downloaded from one of the early events associated with cellular transformation and cancer. Physical contacts that include both cell-ECM and cell-cell adhesion are known to influence cell fate through apoptosis, proliferation and differentiation (25, 26) . The cell interacts with ECM through an establishment of focal adhesion contacts, typically composed of integrins and various cytoplasmic proteins that link the cytoskeleton to the ECM (27) .
Cell-cell interactions, on the other hand, primarily involve cadherins (28) . The function of integrin and cadherin in cell contact and adhesion has been extensively studied, while the role of pericellular proteolysis in influencing physical contact has just begun to unfold.
One potential mechanism by which pericellular proteolysis may influence physical contact is through the modification of integrins and cadherins. Integrins are the primary cell surface receptors for ECM molecules, and the latter are the principal substrates for MMPs. Therefore, MMP degradation of ECM molecules can indirectly affect integrin mediated focal contacts. Although direct associations of specific MMPs and cell adhesion molecules, such as integrins, have been reported (29, 30) , MMPmediated cleavage of these proteins is not known to occur. In contrast to integrins, MMPs have been suggested to target cadherin cleavage. For example, overexpression of stromelysin-1 (MMP-3) leads to the release of E-cadherin ectodomain in mammary epithelial cells, while a synthetic MMP inhibitor or transgenic TIMP-1 inhibits this event (22, 31, 32) . Similarly, MMPi has been reported to reduce VE-cadherin shedding in endothelial cells (33) . Together, these studies suggest that MMP proteolysis may process cell adhesion molecules to modify cell-cell adhesion and consequently affect cell fate.
The purpose of this study was to determine whether lack of cellular contacts underlies the acquisition of tumorigenic potential of TIMP-1 downregulated fibroblasts.
Our investigation of the effects of MMP inhibitors on cell interactions with the matrix and adjacent cells revealed substantial effects on both adhesion systems. In TIMP-1 modulated fibroblast cell lines, we observed a relationship between TIMP-1 and cell density that suggested decreased TIMP-1 reduces contact inhibition. A biochemical approach using recombinant and synthetic MMP inhibitors showed that MMP inhibitors restored cell-ECM and cell-cell contacts. Moreover, laser scanning confocal microscopy identified that this rescue was due to an upregulation of focal adhesion contacts and cadherin localization at cell-cell contacts. Subsequently, the molecules downstream of these key adhesion proteins were functionally altered, including increased FAK activation and facilitation of β-catenin localization to the cell membrane. We propose that MMP:TIMP proteolytic axis may impact tumorigenesis through dysregulation of cell adhesion systems.
EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture
Swiss 3T3 (S3T3), MC2, TIMP-1 downregulated (LA1), and TIMP-1 upregulated (16S1) fibroblast cell lines have been previously reported (2, (34) (35) (36) . Briefly, Swiss 3T3 and MC2 clones are the parental and mock-transfected lines, respectively. Transfection of Swiss 3T3 cells with an antisense TIMP-1 RNA construct, or a sense TIMP-1 cDNA expression construct, followed by G418 (Gibco BRL, Ontario, Canada) selection, led to the generation of stable clonal cell lines called LA1 and 16S1 respectively (2, 35, 36) .
The mRNA and MMP inhibitory profiles were previously described (36) . Compared to parental and control cell lines, LA1 had half the MMP inhibitory activity, while 16S1 had four-fold higher activity when measured by collagenase-mediated degradation of further subjected to Hoechst staining (10 µg/ml; Sigma, Saint Louis, MO) for 15 minutes at room temperature. The coverslips were subsequently washed and mounted as described above.
Fluorescent Image Quantification
A series of 0.5 µm confocal images were captured starting from the bottom of each cell.
The middle and the base section from each stack of images were chosen for further analysis. These digital images were subjected to the Northern Eclipse computer program to quantify the co-localization signals arising from focal adhesion kinase and vinculin, represented by the yellow pixels. The relative level of co-localization was calculated by dividing the area represented with yellow pixels by that of total pixel area.
Cell Aggregation Assay
Cell lines were initially grown as monolayers in the presence or absence of 4.5 µM
MMPi for 24 hours. After trypsinization, trypan blue exclusion assay was performed to ensure more than 95% viability. 1×10 5 cells were plated onto each well of a 24-wellplate pre-coated with 1% (w/v) Seaplaque TGT agarose (FMC BioProducts, Rockland ME). Cells were immediately incubated at 37°C with constant agitation of 100 rpm, using the corresponding media collected from each line. The cultures were fixed with 5% (v/v) formalin after 1 hour of incubation.
Western Blotting
Exponentially 
Immunoprecipitation
Total cell lysates (100 µg) were subjected to immunoprecipitation by incubating with 5
µg of monoclonal anti-β-catenin antibody in binding buffer (1 mM PMSF, 100 µM NaVanadate, 50 mM NaF, 50 µg/ml leupeptin, 300 mM NaCl, 20 mM Tris HCl pH 7.4, 1 mM EDTA, 1% NP40 and 0.5% Deoxycholate) under gentle rocking for 2 h at 4°C.
Immunocomplexes were then absorbed to Gamma-bind-plus (20 µl of 50% slurry) at 4°C overnight with constant rocking. After 3 washes with binding buffer, immunoprecipitated proteins were separated in a 10% SDS-PAGE gel, transferred to Hybond ECL nitrocellulose membrane (Amersham) and probed with anti-pan-cadherin antibody as described above.
RESULTS
Natural and Synthetic MMP Inhibitors Alter Cell Density.
Previously we showed that TIMP-1 downregulation confers tumorigenicity on immortal, non-tumorigenic Swiss 3T3 fibroblasts. Further, TIMP-1 downregulated cells displayed a higher saturation density and had the ability to form colonies in soft agar (2, 34, 36) . Such phenotypes are typically associated with cell transformation.
Here we investigated whether these cell lines showed morphological distinction, or a lack of contact inhibition by plating the cells at a low number and growing isolated colonies. Figure 1A shows the clonal morphology of parental Swiss 3T3 cells (S3T3), mock-transfected control (MC2), TIMP-1 sense, upregulated control (16S1), a representative of TIMP-1 downregulated (LA1), and the highly tumorigenic cells (1CN).
Swiss 3T3 and MC2 lines formed an organized monolayer. 16S1 cells showed a remarkable organization and contact inhibition, where cells remained as an ordered monolayer even at the core of the colony. Conversely, LA1 cells showed a tendency to overgrow. These were more tightly packed and grew at a higher cell density per microscopic field. Highly tumorigenic lines such as 1CN, which were derived from independent LA1-induced tumors, were used as positive controls for contact inhibition experiments. These exhibited the most disorganized morphology and grew in multi-layer colonies. Differences in colony density between the these cell lines were not due to a difference in their rate of cell doubling, since the doubling time of the two cell line were comparable (data not shown). In addition, the plating efficiency of these cell lines was not different (data not shown). Thus, genetically modulated fibroblasts with reduced TIMP-1 expression showed an intrinsic difference in cell growth and colony morphology.
Cell density was used as readout for colony compactness and a marker for contact inhibition (37) . Swiss 3T3 and MC2 grew to a similar cell density, while a significant increase of 1.3-fold and 2.1-fold was observed for LA1 and 1CN respectively when compared to the parental cell line ( Figure 1B ). Particular attention was given to use colonies of comparable size and quantification was limited to the core of the colony.
These data suggested that contact inhibition of these fibroblast colonies may be related to their level of TIMP-1 expression. We then determined the effect of MMP inhibitor (MMPi) on cell density. Upon culturing in presence of 4.5µM MMPi, both S3T3 and LA1
lines showed a reduction in cell density, with the latter being statistically significant ( Figure 1C ). Therefore, LA1 cells were cultured in the presence of increasing concentrations of either a synthetic MMPi (0.5-4.5 µM) or recombinant TIMP-1 (rTIMP-1; 25-100 ng/ml). We found that these treatments exerted a dual effect: first, they altered the LA1 cell morphology such that cells appeared elongated, resembling the parental fibroblasts ( Figure 1D ), and second, they decreased cell density. Both MMPi and rTIMP-1 supplemented LA1 cultures showed a dose-dependent reduction in cell density. The decrease of 43% following 4.5 µM MMPi and of 33% in colony density upon addition of 100 ng/ml rTIMP1, were statistically significant ( Figure 1E , P≤ 0.05).
MMPi concentrations used in our studies were below the LD 50 obtained from the MTT assay (data not shown). Overall, these analyses indicated that natural and synthetic MMP inhibitors directly influence cells, leading them to become more organized with a reduced cell density.
Next, we confirmed the altered TIMP-1 mRNA levels of these previously generated cell lines (2, (34) (35) (36) . RT-PCR analysis with sense strand-specific primers revealed an upregulation (at least two-fold) of TIMP-1 mRNA in 16S1 cells and a downregulation (one-fold) in LA1 cells ( Figure 1F ). LA1 cells still produced antisense TIMP-1 mRNA (data not shown). Zymography showed that these cells primarily produced MMP-9, while MMP-2 was detectable upon prolonged incubation. The levels of MMP-9 were apparently reduced in serum-free conditioned media of 16S1 cells and conversely increased in LA1 cells ( Figure 1G ). In a functional assay, increased MMP activity of LA1 cells was consistent with enhanced digestion of the fluorogenic gelatin (green signal), compared to Swiss 3T3 cells. MMPi was able to inhibit the digestion of this substrate. Thus, the TIMP-1 downregulated LA1 cells had increased functional MMP activity, which was inhibitable by MMPi treatment.
MMP Inhibitors Influence Cell-ECM Interactions
It is known that proteins constituting ECM are the primary substrates of MMPs and the MMP-TIMP axis regulates ECM integrity (38) . Therefore, we next tested whether altered cell-ECM contact contributed to the lack of contact inhibition. The sites 
MMP Inhibitors Promote p125 FAK Phosphorylation
Recruitment of p125 FAK to focal contacts results in its activation through the phosphorylation of tyrosine residues (40) . We compared the level of p125 FAK protein as well as its activity between Swiss 3T3 and LA1 cells. Densitometric analysis of the p125 FAK -specific band by western blotting showed similar protein levels in the two cell lines, and these levels did not change upon treatment with 4.5 µM MMPi ( Figure 2C ).
However, the phosphorylation level of p125 FAK was remarkably reduced in LA1 cells, indicative of reduced p125 FAK activity. This phosphorylation status could be restored upon MMPi treatment ( Figure 2C ). Immunoblotting with α-tubulin confirmed equivalent loading on this membrane. These findings were consistent with our observations from confocal studies. Overall, MMP inhibitors did not affect the levels of p125 FAK , but did affect the co-localization of p125 FAK with vinculin, implying that the MMPi effect is on the assembly and stability of focal contacts rather than on the degradation of proteins constituting the focal contacts. A secondary effect on LA1 cells is the increased function of p125 FAK , as suggested by its increased phosphorylation.
MMP Inhibitors Up-regulate Cadherin-mediated Cell-Cell Adhesion
Since homotypic cell-cell adhesion is largely coordinated by cadherins, we used a 
Among the classical cadherins, N-cadherin is expressed by fibroblasts (41).
Therefore, we reasoned that N-cadherin might be involved in the observed cell-cell adhesion, while P-and E-cadherins were the less-likely candidates. Confocal microscopy of N-cadherin stained cells showed defined expression of N-cadherin in Swiss 3T3 cells at the sites of cell-cell contact ( Figure 3C ). On the other hand, LA1
cells showed little N-cadherin localization at the cell boundary ( Figure 3C ). Further, unlike our observations on pan-cadherin localization in LA1, MMPi treatment failed to upregulate N-cadherin localization in either cell lines (data not shown). Thus, other cadherins, and not N-cadherin, are likely involved in MMPi-modulated cell-cell adhesion.
Next, we performed western blotting using antibodies against pan-cadherin, as well as N-, P-and E-cadherins. LA1 cells had an average 40% reduction in pan-cadherin level compared to the parental line ( Figure 3D ). In two independent experiments, MMPi treatment resulted in a substantial upregulation of pan-cadherin levels, especially in LA1 cells. With respect to N-cadherin, we also observed a lower basal level in LA1 compared to Swiss 3T3 cells. This did not alter upon MMPi treatment, a finding consistent with our confocal data. Furthermore, western blotting showed these fibroblasts did not express detectable levels of P-or E-cadherin (data not shown).
Collectively, our data indicate that biological and synthetic MMP inhibitors promote cellcell adhesion through an upregulation of members of the cadherin family, other than N-, P-or E-cadherins.
MMP Inhibitors Increase Cadherin-mediated Cell Aggregation
The formation of cadherin complex is a calcium-dependent process that results in direct cell-cell aggregation (42 To obtain independent evidence in support of the above concept, we utilized a genetically distinct pair of fibroblast cell lines. We generated primary mouse embryonic fibroblasts (MEFs) from wildtype and timp-1 knockout mice (43) and used them to perform the cell aggregation assays. Early passage timp-1 -/-MEFs showed a complete failure to aggregate compared to wildtype MEFs, and the latter also did not aggregate in the presence of EGTA ( Figure 4B ). Next, we subjected timp-1 -/-MEFs to treatments with rTIMP-1, MMPi or both. Both individual treatments promoted cell aggregation, and this effect was further enhanced by the combined treatment ( Figure 4C ). Thus, these data reveal that cellular aggregation of these fibroblasts is facilitated by both calcium and TIMP-1. 
MMP Inhibitors Recruit β-Catenin to Cadherin-mediated Cell Junctions
The clustering of cadherins leads to the recruitment of β-catenin to the cadherinassociated complex. This complex is linked to the cytoskeleton and stabilizes cell architecture (44) (45) . We investigated whether MMPi-mediated clustering of cadherins directly altered intracellular activity such as the sub-cellular distribution of β-catenin. As shown in Figure 5A , the level of β-catenin that co-localized with pan-cadherin was can initiate neoplastic transformation and contribute a rate-limiting step to progression (53) . Briefly, several studies show that the downregulation of cadherins enhance tumor development, increased cadherins reduce tumorigenic properties (54) (55) (56) , and a lack of stable E-cadherin-mediated cell-cell contact has even been proposed to initiate genomic instability (53) . One reason for the central role of cadherins in tumorigenesis is their ability to bind β-catenin. The latter is a shared target of cadherins and the Wnt signal transduction pathway. Specifically, E-cadherin and LEF-1 that is involved in Wnt signaling form mutually exclusive complexes with β-catenin, and therefore E-cadherin binding prevents β-catenin nuclear localization and transactivation of transcription (57) .
A modest overexpression of β-catenin has been reported to promote cell cycle progression from G 1 to S phase, protect cells from anoikis and lead to cellular transformation (37) . Thus, β-catenin signaling through the Wnt pathway may be one mechanistic link between MMP-proteolysis and cell adhesion, contact inhibition and tumorigenesis.
Swiss 3T3 mouse fibroblasts are known to produce ECM components, mainly collagen type I (58). Under adhesive conditions, similar to our studies, collagen production was shown to be independent of the growth state of these fibroblasts (59) . Intriguingly, a recent study showed that mutations in β-catenin occurred with the highest frequency in aggressive infiltrative fibromatosis (67) , which are considered to be the most common cause of mortality in familial adenomatous polyposis patients (68) . These reports suggest that cadherin/β-catenin dysfunction underlies fibroblast tumorigenesis.
Our current investigations focused on tumorigenic fibroblasts and we were able to manipulate the cellular distribution and association of cadherin/β-catenin with MMPi.
MMPi may additionally contribute to creating a non-permissive environment for tumor growth, since stromal contribution of MMPs is known to promote tumor progression (69) .
We demonstrate that biological and synthetic MMP inhibitors promote the assembly and the stabilization of both focal and cell-cell contacts. Since p125 
